Aging has a remarkable impact on the function of the heart, and is independently associated with increased risk for cardiovascular diseases. Cardiac aging is an intrinsic physiological process that results in impaired cardiac function, along with lots of cellular and molecular changes. Non-coding RNAs include small transcripts, such as microRNAs and a wide range of long non-coding RNAs (lncRNAs). Emerging evidence has revealed that non-coding RNAs acted as powerful and dynamic modifiers of cardiac aging. This review aims to provide a general overview of non-coding RNAs implicated in cardiac aging, and the underlying mechanisms involved in maintaining homeo-stasis and retarding aging.
Introduction
Cardiovascular diseases are among leading causes of death worldwide [1] . Countries around the world are experiencing a dramatic increase in the elderly population (aged over 65) [1] .The increased trend of aging and age-associated risk factors such as hypertension, diabetes, hypercholesterolemia, smoking and other risk factors contribute to increased cardiovascular mortality and morbidity in the elderly [1] . Moreover, the heart undergoes slowly progressive structural changes in aging, that lead to decreased functionality [2] . Better understanding of cardiac aging might help improve currently available therapies and reduce risk factors of cardiovascular diseases [2] . Therefore, elucidation of the molecular mechanisms contributing to cardiac aging in healthy heart would help to identify early pathophysiological changes in the heart [2] .
Cardiac senescence is a multifactorial process, and the discovery of non-coding RNAs has provided new molecular insights into cardiac aging. In this review, we describe the emerging impact of non-coding RNAs on cellular senescence and their possible implications in cardiac aging.
Cellular senescence of cardiac aging
The hallmarks of cardiac aging mainly include: left ventricular hypertrophy, diastolic dysfunction, diminished left ventricular systolic reverse capacity, valvular degeneration and increased cardiac fibrosis [2] (Fig.1) . Aging-associated alteration of cardiac function affects the cellular composition of the heart as well. The key component of the aging process is cellular senescence. According to the dependence on telomerase, it can be separated into two categories: replicative senescence or stress-induced premature senescence (SIPS). Replicative senescence is naturally lost the ability to regenerate along with the age among which telomere shortening induce a DNA damage response (DDR). In contrast, SIPS is an alternative telomere-independent prematurely process triggered by external stimuli, including oxidizing agents and radiation. SIPS shares many morphological and molecular characteristics to replicative senescence except telomere shortening [3, 4] . Senescent cells display a characteristic senescence-associated phenotype, including a large flattened morphology, growth-arrest, telomere shorting, senescence-associated secretory phenotype (SASP), DDR proteins and lysosomal beta-galactosidase (SA-β-Gal) activity. Tumor suppressor networks such as p53/p21 and p16/RB pathways triggering senescence are used as markers as well [5, 6] . Moreover, apoptosis and necrosis, coupled with fibrosis also play pivotal roles in cell aging [2] .
The heart is mainly composed of two entirely different types of cells: cardiac myocytes and non-myocytes (mainly fibroblasts). Cardiomyocytes display a number of physiological and morphological features affected by aging. As we all known, cardiomyocytes attain their final differentiated state early during the lifespan and the capacity of cardiomyocyte renewal is limited. The total number of cardiomyocytes in the heart decreases with aging due to senescence, necrosis ,apoptosis and cardiac stem cell reserves loss [7, 8] .The alterations in myocyte activation, contraction and relaxation, hypertrophy, and an inability to repair or replace lost cells contribute to the decline of cardiac function [9] . The aging heart is associated with morphological and structural remodeling that lead to functional recession. Cardiac fibroblasts are the most abount cell types in the heart, accounting for approximately 70% of the total cell number in the heart. Cardiac fibroblasts are also required for cardiac remodeling [10, 11] .Cardiac fibroblasts undergo senescence, growth-arrest and epithelialmesenchymal transition (EMT) [12, 13] . Cellular senescence is the universal and fundamental process of aging. Thus, understanding the molecular mechanisms that govern the senescent phenotype greatly facilitate therapeutic treatment of cardiac aging.
Non-coding RNAs
Non-coding RNAs comprise a huge heterogeneous family that includes many different subtypes, including transfer RNAs (tRNAs), ribosomal RNAs (rRNAs), piwi-interacting RNAs (piRNAs), small nucleolar RNAs (snoRNAs), small nuclear RNAs (snRNAs) and enhancerlike RNAs (eRNAs) [14] . The ncRNAs are arbitrarily divided into short (<200 nt, mainly microRNAs), and long (>200 nt) ncRNAs accordingly to their size [15] . Small ncRNAs such as microRNAs (miRNAs, miRs) regulate the expression of target genes at the level of translation or mRNA stability [6] . Besides well-explored miRNAs, lncRNAs have recently emerged as MiRNAs are the most explored small ncRNAs that function as critical regulators of gene expression. The production of miRNAs is a multistep process. Most of miRNAs are transcribed by RNA polymerase II/III to primary-miRNA (pri-miR) [16, 17] . The pri-miRNA is further processed by Drosha into a 60-to 70-nucleotide precursor named pre-miRNA in the nucleus and subsequently transferred to cytoplasm via exportin-5/RanGTP [18] [19] [20] . In the cytoplasm, the pre-miRs are further modified by the nuclease Dicer, to produce a miRNA duplex [21, 22] . The mature miRNA combined with Argonaut (Ago) proteins are loaded into the RNA-induced silencing complex (RISC) to repress target gene expression [23] . Mature Table 1 . Roles of non-coding RNAs in cellular senescence Fig. 1 . Age-dependent changes to cardiac tissues. The impact of aging on the heart and cell is summarized. Both the heart and cell undergo numerous alterations during cardiac aging, leading to the degeneration of cardiac function.
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Cellular Physiology and Biochemistry miRNAs through pairing to the 3′-untranslated (3′UTR) region to inhibit target genes mRNA translation or promote mRNA degradation [24] . As a class of regulatory molecules, miRNAs participate in many physiological and pathological processes including heart development [25] , regeneration [26] , hypertrophy [27] , contractility [28] and fibrosis [29] . MiRNAs have recently emerged as important regulators of cellular senescence and aging. Therefore, we outline the miRNAs function in cardiac degeneration as following.
MiR-34a/PNUTS
Recently, Boom et al. identified the involvement of miR-34a/PNUTS in aging-induced cardiac degeneration and suggested the potential of miR-34a as a therapeutic target in the setting of cardiac aging [30] . They evaluated differentially expressed miRNAs profiling between young (6-8 weeks old) and aged (18-20months old) mice and identified that the entire miR-34 family was significantly up-regulated in the hearts of aged mice. Quantitative real-time polymerase chain reaction (PCR) and in situ hybridization further confirmed that miR-34a positively correlated with age and miR-34a was predominantly expressed in cardiomyocytes. MiR-34a knockout mice prevented ventricular remodeling in aging-induced cardiac senescence. Inhibition of miR-34a by locked nucleic acid (LNA)-based antimiRs also abolished deterioration of cardiac contractile function in Ku80-/-mice, a genetic mouse model of accelerated aging [30] . In the process of cellular aging, DNA damage and p53 activation lead to cell-cycle arrest at the G2-M DNA damage checkpoint. MiR-34a is a ubiquitously expressed miRNA, which is transcriptionally regulated by a tumor suppressor gene P53. The link of DNA damage, p53, and miR-34a signaling was also found in cancer [31] . Moreover, in endothelial cells and endothelial progenitor cells, miR-34a enhances cellular senescence and reduces longevity through its direct target SIRT1 [32, 33] . Interestingly, miR-34a was increased in human hearts with age, suggesting that miR-34a plays a similar role in human cardiac aging [30] . Protein phosphates 1 nuclear targeting subunit (PNUTS) is a nuclearlocalized protein that functions as a new component of the DNA damage [34] and it can also interact with telomere regulator TRF2 [35] . PNUTS was downregulated at the protein level in aged hearts and increased in genetic deletion of miR-34a mice. Using bioinformatics analyses and validated using luciferase reporter assays, PNUTS was identified as a direct target of miR-34a. Therefore, miR-34a/PNUTS pathway induces telomere shortening, DNA damage repair and provokes cardiac senescence, contributing to cardiac aging. Transient therapeutic suppression of miR-34a or increasing PNUTS activity may ameliorate cardiac aging. Besides in aged cardiac myocytes, miR-34a/PNUTS axis is also activated in cardiomypcyte progenitor cells that destroying its intrinsic regenerative capacity [36] . The finding of miR-34a/PNUTS mediated cellular senescence provides new insights in the complex cardiac aging puzzle.
MiR-18/19-CTGF/TSP-1
Age-related cardiac remodeling is known to be accompanied by extracellular matrix (ECM) synthesis and deposition. ECM proteins include fibronectin [37] , thrombospondin-2 (TSP-2) [38] , and connective tissue growth factor (CTGF) [39] increase with aging. The miR-17-92 cluster, consisting of six mature miRNAs (miR-17, miR-18a, miR-19a, miR-20a, miR-19-b1, and miR-92a-1) has been reported to play fundamental role in heart development and remodeling [40] . CTGF and TSP-1 have been identified as target genes of miR-18a and miR-19 [41] . In agreement with these findings, miR-18a and miR-19a were strongly repressed in aged cardiomyocytes with concomitant increased expression of CTGF and TSP-1. MiR-18/19 and CTGF/TSP-1 have been causally linked to aging-related fibrotic remodeling of the heart upon HF [12] . Modulation cardiomyocyte-derived miR-18/19 affected cardiac ECM protein CTGF and TSP-1 and collagens type 1 and 3 in cardiac aging.
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MiR-17-3p/Par4
The presence of growth-arrest, shorter telomeres and makers including lysosomal senescence-associated beta-galactosidase (SA-β-Gal) activity and DDR proteins can be used to assess cells aging. Lower intensities of β-gal staining were detected in miR-17-3p transgenic mice heart, indicating the involvement of miR-17-3p in cardiac senescence. Expression of miR-17-3p extended survival and retarded senescence in mouse cardiac fibroblast (MCF) cell line. In addition, the expression of miR-17-3p in aging hearts was lower than the young hearts. Par-4 was demonstrated to be a direct target of miR-17 [13] . Par-4, known as pro-apoptotic protein, is a critical regulator of tumor cell survival and is also required for cell apoptosis [42, 43] . Par4 negatively regulates its transcript factors, CEBPB and Focal Adhesion Kinase (FAK), which promotes MCF epithelial-mesenchymal transition (EMT) and self-renewal, resulting in cellular senescence and apoptosis-resistance. MiR-17-3p plays an anti-aging role by targeting Par4, and promoting CEBPB/FAK senescence related signaling pathway in the transgenic mice and transfected cells [13] .
MiR-22/mimecan
To identify aging-associated changes in miRNA expression profiles in the murine heart, miRNA expression profiles in hearts of neonatal, 4 weeks old, 6 months and 19 months old mice were analyzed. Notably, miR-22 was demonstrated to have an aging-associated increase trend. Moreover, the expression of miR-22 was higher in cardiac fibroblasts and smooth muscle cells compared to cardiomyocytes and endothelial cells. Inverse correlation with miR-22, mimecan expression gradually decreased during cardiac aging indicating that mimecan may be a target for miR-22 in the heart. Direct mimecan regulation by miR-22 was also confirmed by using a luciferase reporter gene approach. Localisation studies demonstrated that mimecan co-localized with cardiac fibroblasts and smooth muscle cells, while no co-localization between mimecan and endothelial cells or cardiomyocytes was observed. Senescence associated SA-β-Gal activity in neonatal cardiac fibroblasts was detected to determine the function of miR-22 in cellular senescence of cardiac fibroblasts. Overexpressing miR-22 or silencing mimecan resulted in a significant increase of senescent cells in cardiac fibroblasts, suggesting a pro-aging function of miR-22 [44] .
LncRNAs
LncRNAs vary widely in size, biogenesis and function. According to different transcriptional site, lncRNAs can be divided into the following categories: lincRNAs, transcribed from intergenic regions; antisense lncRNAs, from the opposite strand of mRNAs; pseudogeneencoded lncRNAs from vestigial genes that lost their coding potential; long intronic ncRNAs, from introns of annotated genes; promoter-associated lncRNAs, from the promoter regions of coding mRNAs and circular RNAs, generated by the splicing machinery [45] . Among the range of RNA molecules, lncRNAs function as an additional regulator of the genome controlling via multiple mechanisms. As transcriptional regulators, lncRNAs modulate transcription initiation by RNA polymerase II [46, 47] . In addition, lncRNAs can also mediate gene expression post-transcriptionally by base-pairing with mRNAs to modulate their translation or stability [48, 49] and by interfering with RNA-binding proteins to influence splicing and translation [50] . LncRNAs accumulate in large numbers and modulate gene expression in different ways, including acting as cofactors, competitors or decoys of RBPs or miRNAs [51] . The discovery of lncRNAs highlights the rising interest in the roles of lncRNAs as a potentially new and crucial layer of biological regulation. 
Senescence-associated lncRNAs
LncRNAs play important roles in the onset and progression of various diseases, including aging-related diseases such as cancer [52] , cardiovascular pathologies [53, 54] , and neurodegenerative disorders [55] . Growing evidences suggest that lncRNAs influence the molecular processes underlying aging-associated phenotypes. Here, we give some examples to illustrate the mechanisms underlying lncRNAs in cellular senescence.
The limited division potential of normal human diploid fibroblast cells in vitro is well documented and has been established as a model for cellular aging. The RNA sequencing between senescent and proliferating young human diploid fibroblasts identified that the expression of lncRNAs changed significantly after aging. The alterations of lncRNAs such as antisense lncRNAs and pseudogene-encoded lncRNAs link the association with senescence. Among those senescence-associated lncRNAs (SAL-RNAs), silencing SAL-RNA2 (XLOC_025931) or SAL-RNA3 (XLOC_O25918) increased expression of p53 and cleaved PARP, a marker of apoptosis. These results suggested the protective role of SAL-RNA2 and SAL-RNA3 (XLOC_025931 and XLOC_025918) in the survival of senescent fibroblasts. However, silencing SAL-RNA1 (XLOC_023166) in early-passage fibroblasts enhanced the senescent phenotype including an enlarged morphology, positive β-galactosidase activity, and heightened senescence protein markers p21 and p53. SAL-RNA1 may serve as a preventive factor in the early onset of senescence. Furthermore, the function of MALAT1 and MIAT in senescence cell was also tested in WI-38 fibroblasts. Knockdown of MALAT1 and MIAT using small interfering (si)RNAs accelerated aging [56] . Another group also found that MALAT1-depleted cells showed enhanced β-galactosidase (β-gal) staining, indicating cellular senescence of human fibroblasts. MALAT1 regulates cell cycle by modulating the gene expression of transcription factors in G1-to-S transition. Deleting of MALAT1 leads to cell proliferation blocks and undergoes aging [57] .
Despite rising interest in the expression and function of lncRNAs, their possible roles in cardiac cell senescence remain incompletely characterized at present. Further experimental studies are needed to better understanding of the biological function of lncRNAs in cardiac aging.
Conclusion
The rapidity of the population's aging has made it more urgent for the adoption of countermeasures. In this review, we summarized the current knowledge about the function of non-coding RNAs in cardiac aging. As multi-tasking molecules in the cell, non-coding RNAs have a variety of effects on aging associate cellular senescence. The use of transgenic mice that intervene certain miRNAs (for example, miR-34a) could be beneficial to cardiac degeneration, indicating that miRNAs can be used as a powerful therapeutic tool to anti-aging by fine-tuning target proteins. Although little is known about lncRNAs in cardiac aging, given the variety of functions and biological mechanisms regulated by lncRNAs and considering the rapid progress in our knowledge of lncRNAs, it is likely that lncRNAs will affect cardiac aging broadly. A more comprehensive understanding of specific miRNAs or lncRNAs regulating gene expression in cellular senescence can help develop new and more effective non-coding RNAs-based interventions to ameliorate the losses of advancing age. In addition, it is highly desirble to develop novel strategy for time-phase and cell-type specific delivery of miRNA antagomirs or mimics. Non-coding RNAs have become promising molecular tools and targets in our efforts to restore age-dependent losses in body homeostasis.
